The magnetizability tensor, the rotational g factor, and the indirect nuclear spin-spin coupling constant of the hydrogen fluoride molecule have been calculated using large multiconfigurational self-consistent field wave functions and large basis sets. For a critical comparison with experiment, rovibrational corrections have also been calculated. For the magnetizability tensor and the spin-spin coupling constant, we present results with higher precision than available experimental data; for the rotational g factor, our results are in good agreement with experiment.
I. INTRODUCTION
For small closed-shell gas-phase molecules, magnetic properties can nowadays be calculated routinely with such an accuracy that rovibrational effects can be expected to be the main reason for discrepancies between theory and experiment. [1] [2] [3] [4] [5] [6] There are several reasons for this development. First, the basis-set convergence of many magnetic properties has been dramatically improved by the efficient implementation of London orbitals for nuclear shieldings and magnetizabilities [7] [8] [9] [10] [11] [12] and the introduction of the similarly constructed rotational London orbitals for rotational g factors and spin-rotation constants. 13 Second, for most of the important second-order magnetic properties of closed-shell systems, efficient implementations exist for the analytical evaluation of the magnetic properties for a wide variety of wave functions of different computational cost and accuracy. [11] [12] [13] [14] [15] [16] [17] [18] [19] For a meaningful comparison of calculated magnetic properties with experiment, it is usually necessary to compute corrections due to molecular rotations and vibrations.
For diatomic molecules, several methods have been developed for calculating rovibrational averages of molecular properties. [20] [21] [22] The approach taken here may be regarded as an extension of the perturbation technique of Buckingham 20 and is based on a method for including the anharmonicity of the potential in the calculation of intermolecular vibrational frequencies. 23 In the high-temperature limit, a rovibrationally averaged property ͗⍀͘ of a heteronuclear diatomic molecule is in this scheme obtained as 
͑1͒
where B is the rotational constant, the harmonic frequency, and T the temperature, and where we have truncated the expansion at second order. The derivatives are here given as ⍀Јϭ͑‫ץ‬⍀/‫͒ץ‬ and ⍀Љϭ(‫ץ‬ 2 ⍀/‫ץ‬ 2 ), respectively, where ϭ(rϪr eff )/r eff . The subscript eff indicates that the quantities are calculated at a variationally determined effective geometry. 23 We note that the effective geometry r eff depends on the isotopomer and that its determination is more complicated than a normal geometry optimization.
1 By shifting the geometry, the contribution from the first order mechanical anharmonicity vanishes. This is also noted in a similar expression to Eq. ͑1͒ in Ref. 24 which is based on the delta approximation. 25 Although the method is more expensive than the traditional approach, 20 it appears to converge faster with respect to the property derivatives included in the expansion Eq. ͑1͒, which is particularly important for molecules with soft modes and for molecular complexes. 1, 23 Furthermore, the vibrational part of the wave function is represented by one Gaussian function for each degree of freedom, which will be useful when dynamical approaches are adopted for this model or when larger molecules are studied. In a recent paper, 26 higher-order zero-point vibrational contributions to Eq. ͑1͒ have been included for different properties at the SCF level. This paper demonstrated that the contributions from higher-order terms are smaller than the errors normally obtained from truncation of the basis set and orbital space, even for highly sophisticated quantum chemical calculations.
The purpose of the present paper is to investigate whether it is possible to obtain experimental accuracy for the magnetizability, the rotational g factor, and the indirect nuclear spin-spin coupling constant of the hydrogen fluoride molecule and furthermore to establish whether the main limitations in obtaining an accurate rovibrationally averaged result arise from the treatment of rovibrational effects or from the treatment of the electronic structure. Previously, the nuclear shieldings of HF have been studied by Å strand and Mikkelsen 1 and the nuclear shieldings and spin-rotation constants by Sundholm, Gauss, and Schäfer. 5 This work should be regarded as complementary to these studies.
II. RESULTS
We first consider the dependence of the properties on the basis set and the treatment of electron-correlation. Two kinds of basis sets are employed; the atomic natural orbital ͑ANO͒ sets of Widmark et al. 27 and the correlation-consistent sets of Dunning and co-workers. [28] [29] [30] [31] The ANO basis sets are denoted ANO͓6s5p4d/5s4 p͔, where 6s5p4d is the number of contracted orbitals in the fluorine basis and 5s4 p the number of contracted functions in the hydrogen basis. The correlation-consistent basis sets are denoted xxx-cc-pVnZ and xxx-cc-pCVnZ, respectively, where xxx is the degree of augmentation ͑aug, daug, taug or no augmentation at all͒ and n͕D,T,Q,5͖. We have used the core-valence xxx-cc-pCVnZ sets for the calculation of the spin-spin coupling constant and the valence xxx-cc-pVnZ sets for the calculation of the magnetizability and rotational g factor.
The orbital spaces of the complete-active-space selfconsistent field ͑CASSCF͒ ͑Ref. 32͒ wave function are denoted inactive CAS active , where inactive represents the inactive orbital space of doubly occupied orbitals and active the space of orbitals with variable occupation numbers. The restrictedactive-space SCF ͑RASSCF͒ ͑Refs. 33, 34͒ spaces are denoted in a similar manner as RAS1 inactive RAS RAS3 RAS2 , where RAS2 corresponds to the active space of a CASSCF calculation. In this work, we allow single and double excitations out of the RAS1 space, and single and double excitations into the RAS3 space. The orbital spaces, which have been chosen on the basis of the natural occupation numbers of a MP2 calculation, 35 are characterized by the number of orbitals in each irreducible representation of the C 2v point group. The DALTON program has been used in all the electronic-structure calculations.
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A. Basis set convergence
Our Hartree-Fock ͑HF͒ results obtained at the experimental geometry (rϭ1.7325 a 0 ) ͑Ref. 37͒ are collected in Table I for the ANO and the correlation-consistent basis sets.
For the isotropic magnetizability , the ANO͓6s5p4d/5s4p͔ basis is within 0.01 ppm cgs of the basis-set limit. The rotational g factor shows a similar convergence, which is to be expected since the paramagnetic part of the magnetizability tensor and the rotational g tensor are closely related to each other. 13, 38 In accordance with previous observations for the magnetizability, 39 the HartreeFock magnetizabilities ͑at the experimental geometry͒ are almost all within 2% of the experimental number. However, the problems faced in converging the magnetizability anisotropy ⌬ indicate that the errors in the individual tensor components are larger than that of the isotropic part, also in line with previous observations. 40 For the correlation-consistent basis sets, the aug-cc-pVQZ basis gives results that are virtually identical to the estimated basis-set limit.
To explore the saturation of the outer valence region of the ANO set, diffuse functions ͑with exponents forming a geometric series͒ were added to the uncontracted ANO basis. However, these diffuse functions have only a marginal effect on the calculated properties. The only significant change is for the anisotropy of the magnetizability ͑Ϫ0.002 ppm cgs͒, caused by the addition of one extra d-function to the fluorine basis, explaining the difference between the uncontracted ANO basis and the aug-cc-pV5Z basis. We conclude that the larger basis sets give results for and g close to the basis-set limit. For the isotropic and anisotropic magnetizabilities, our estimated Hartree-Fock limits ͑Ϫ10.393 and 0.5254 ppmcgs, respectively͒ are in excellent agreement with the SCF results of Cybulski and Bishop ͑Ϫ10.392 and 0.5256 ppm cgs͒. 41 We now turn our attention to the indirect nuclear spinspin coupling constant. According to the theory of Ramsey, 42 there are four contributions to the indirect spin-spin coupling constant,
Here J DSO and J PSO are the diamagnetic and paramagnetic spin-orbit contributions, J FC is the Fermi-contact contribution, and J SD the spin-dipole contribution. For the spin-spin coupling, the basis set convergence is particularly slow. Still, the uncontracted ANO basis and the aug-cc-pCV5Z basis give the same result to within a few Hz. However, the addition of diffuse functions to the ANO basis changes the coupling by several Hz. Indirect spin-spin coupling constants are usually not even qualitatively correct at the restricted Hartree-Fock level, 43 ,44 but a basis set convergence similar to that of the RHF convergence in Table I is found for a 1000 CAS 4220 wave function. As expected, the largest basis-set effects are found for the FC term, although substantial changes are also observed for the PSO and SD contributions. The contraction of the ANO basis leads to dramatic changes in the FC term, which is related to the sensitivity of the FC term to the description of the charge distribution at the nucleus. 43, 44 The contraction of the ANO sets thus appears to significantly affect the electron distribution at the nuclei.
To investigate the FC term in more detail, basis functions with large exponents were added to the primitive ANO basis, forming a geometric series ͑see Table II͒ . To converge the coupling constant to within a few tenths of a Hz ͑at the 1000 CAS 4220 level͒, an extension of the primitive ANO basis with three s functions at the fluorine atom and five s functions at the hydrogen atom (ANOϩF:3s;H:5s) is required. The effect of these extra s-functions is, however, as large as 22.6 Hz. Both the uncontracted ANO basis and the aug-ccpCV5Z basis are therefore more than 20 Hz off our estimated basis-set limit, a change which is about as large as the experimental error bars. 45, 46 Note also that the ANO ϩF:3s;H:5s basis set consists of 125 basis functions, substantially smaller than the aug-cc-pCV5Z basis set ͑256 primitive functions contracted to 236 basis functions͒. Since the experimental error bars are 20 Hz, 45, 46 we believe that this extended basis set gives results with smaller residual errors than the uncertainty in the experimental number. Since our results indicate that the ANO basis converges faster to the basis-set limit than does the correlation-consistent basis sets, only ANO sets have been used in the remaining calculations.
B. Electron-correlation treatment
The effects of electron correlation at the CASSCF and RASSCF level have been investigated using the ANO͓6s5p4d3 f /5s4p3d͔ basis set ͑see Table III͒ . The correlation contribution to the magnetizability is about Ϫ0.25 ppm cgs, and the smallest CASSCF wave function accounts for almost all the electron correlation effects. The same observation is made for the magnetizability anisotropy, even though the absolute change due to electron correlation is only about 0.01 ppm cgs. The correlation effects on the rotational g factor is less than 1% ͑about 0.002͒. However, since the experimental error bar is 5ϫ10 Ϫ6 , 46 this change is rather large. The error arising from a truncated configuration space is about two orders of magnitude larger than the experimental error bars.
It is of interest to compare our results with the recent MP2/MP3/L-CCD results of Cybulski and Bishop, obtained using large conventional basis sets; 6 ϭϪ10.74/Ϫ10.57/ Ϫ10.60 ppm cgs, ⌬ϭ0.5270/0.5180/0.5127 ppm cgs, and gϭ0.7619/0.7527/0.7488. For the isotropic magnetizability, MP2 overestimates the correlation effect, whereas MP3 and L-CCD slightly underestimates the correlation effect. For the magnetizability anisotropy and the rotational g factor, the three methods converge from the same side, although none of methods reproduces the results of our largest MCSCF calculations. In contrast, the modest-sized 1000 CAS 6331 wave function accounts for almost all the correlation effect.
The calculated isotropic spin-spin coupling constants are listed in Table III and the individual contributions are in  Table IV . The DSO term is small and is not discussed further. The PSO term has a correlation contribution of about Ϫ13 Hz but appears to be converged to within 1 Hz for the two largest RAS spaces. In contrast, the SD term increases by 10.5 Hz from HF to 1000 CAS 4220 ͑becoming almost zero͒, but most of the correlation contribution is included already with this smallest CASSCF wave function.
For the FC term, the correlation effects are larger than for the other terms. The total correlation contribution is about Ϫ150 Hz. Moreover, the full-valence 1000 CAS 4220 space recovers only about half of the correlation correction and the FC term appears to be converged only to within 3-5 Hz for the two largest RAS spaces. Our result obtained with the 1000 CAS 6331 wave function ͑363.2 Hz͒ is in good agreement with the corresponding number obtained in a recent spin-spin basis-set study ͑359.84 Hz͒. 47 Similar agreement is observed for the other contributions, with a partial cancellation of the errors in the SD and DSO terms with the error in the PSO contribution.
C. Rovibrational averages
The effective geometry for rovibrational corrections was calculated using the ANO͓6s5p4d3 f /5s4 p3d͔ basis set and the 1000 RAS 6332 4220 orbital space. As seen from Table V , this wave function gives good agreement with the experimental equilibrium geometry and the harmonic frequencies. 37 Therefore, it is reasonable to expect that this wave function will give a good description of r eff and eff as well. Except for the FC contribution to the spin-spin coupling constant, the same wave function has been used also for the calculation of the rovibrational averages of the magnetic properties ͑see Table VI͒. For the FC term, we have used the extended ANOϩF:3s;H:5s basis and the 1000 RAS 12;884 4220 orbital space. The error bars are estimated from basis-set and electroncorrelation studies of the two previous sections.
The isotropic part of the magnetizability () 0 is found to be Ϫ10.65Ϯ0.02 ppm cgs and the anisotropy is 0.496Ϯ0.02 ppm cgs. These results are rather far away from the ͑semi-͒ experimental values of Ϫ10.3 ppm cgs ͑Ref. 48͒ and 0.5370 ppm cgs, 49 respectively. We do not expect that an extension of the basis set or a larger orbital space will change these results noticeably. We have investigated also the effects from the fourth derivative of the magnetizability at the HartreeFock level, but these effects are at least one order of magnitude smaller than the difference to experiment. We note that the most recent experimental value for ⌬ ͓0.168͑8͒ ppmcgs͔ ͑Ref. 46͒ is off by about a factor of 3 relative to the previous experimental investigation 49 and to our theoretical result, although it was noted in this investigation that their experimental setup was prone to systematic errors in the magnetizability anisotropy.
The averaged rotational g factor ͗g͘ 0 has been calculated to be 0.7391Ϯ0.0035 for the HF molecule and 0.3697 Ϯ0.0035 for DF, which should be compared with the most recent experimental values of 0.741 599͑5͒ for HF ͑Ref. 46͒ and 0.3695Ϯ0.0050 for DF, 38, 50 respectively. Most of our error ͑0.003͒ arises from the correlation treatment. The calculated results are within 1% of experiment 38,49-51 but not within the experimental error bars, which are only of the order of 0.001% for the most recent value. 46 The values presented here should probably be considered upper limits since the g factor decreases monotonically with increasing orbital space. The calculated value of the HF molecule is therefore not expected to converge towards the experimental value even though the experimental value is within our error bars. It is also noted that the two most recent experimental results 46, 49 do not overlap-that is, at least one of the experimental error bars is too optimistic. Still, our result for DF is in excellent agreement with experiment.
If instead we focus on the rovibrational correction to the g factor itself, we note that our calculated correction of Ϫ0.0129 is in excellent agreement with the experimental estimate of Ϫ0.0122. 46 The difference between our result and experiment therefore arises from the treatment of the electronic structure rather from an approximate treatment of the rovibrational correction. At the MP2 level, Cybulski and Bishop recover only about 80% of the rovibrational correction ͑Ϫ0.0095͒. 41 Correlation thus appears to be more important, relatively speaking, for the rovibrational corrections than for the properties themselves.
The rovibrationally averaged indirect spin-spin coupling constant ͗ 1 J HF ͘ 0 is estimated to be 510Ϯ10 Hz, in excellent agreement with the most recent experiment of 500Ϯ20 Hz. 46 Our error bar of 10 Hz is rather large due to the slow convergence with respect to the size of the orbital and correlation spaces of the FC term. The zero-point vibrational contribution is about Ϫ25 Hz, that is, about 5% of the total value, and may thus not be neglected in a comparison with experiment, even when the experimental error bars are as large as in this case. The relative contribution from shifting the expansion point of the total zero-point vibrational contribution (⍀ eff Ϫ⍀ e )/(͗⍀͘ 0 Ϫ⍀ e ) varies considerably from property to property. For and 1 J HF , the zero-and second-order terms in Eq. ͑1͒ have different signs, but the contribution from the shift in the expansion point is the larger of the two. Whereas the zero-order term is negligible for ⌬, the second-order term gives a substantial contribution. For g, both terms change in the same direction, with the zero-order term being the dominant one.
We have also reinvestigated the fluorine shielding of HF at 300 K, ͗ 5 The error bars are estimated to be 0.5 ppm from the basis-set truncation and 1.0 ppm from the deficiencies of the RAS treatment. The major difference between our present and previous results arises from a small change of the effective geometry-1.770 a 0 in the previous study and 1.764 a 0 here. The main reason for the improvement in our estimate of ͗ F ͘ 300 K is thus the improved accuracy of the potential surface rather than the calculation of the properties and their derivatives.
III. CONCLUSIONS
We have calculated accurate values of the magnetizability and rotational g factor of HF and DF and of the indirect nuclear spin-spin coupling of HF. To allow for a critical comparison with experiment, rovibrational effects have been taken into account. Although the rovibrational corrections have been obtained in a simple manner, employing just one Gaussian function for the vibrational wave function, the main source of error in our calculations is the treatment of the electronic structure. Our rovibrationally averaged results are probably the most accurate ones so far obtained for these properties. For the magnetizability and the spin-spin coupling constant, our precision is higher than that of experiment. For the rotational g factor, our error bars of about 0.5% encompass the experimental results, although we are not within the very narrow experimental error bars.
